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TECHNICAL MEMORANDUM
ATMOSPHERIC TURBULENCE REVIEW OF SPACE SHUTTLE LAUNCHES
I. INTRODUCTION

The main purpose of this paper is to report on the research and analysis on identifying
turbulent regions from the surface to 16 km for the space shuttle launches. It will be demonstrated
that the FPS-16 radar/jimsphere balloon system, in conjunction with the rawinsonde, can indicate
the presence of turbulence or that the conditions are ripe for turbulence during the day-of-launch
scenario.

The existing technology for the past three decades (60°s, 70’s, and 80's) in measuring
winds aloft for the space shuttle launches has been obtained by balloon-borne wind sensors, €.g.,
the FPS-16 radar/jimsphere system (used as the standard) and the meteorological sounding system
(MSS) windsonde (used as the backup) and was documented by Susko [I]. The wind profiles are
measured in the lower stratosphere and troposphere of the atmosphere (0 to 16 km) for the wind
load analysis of the ascent phase of the space shuttle as it passes through max q (maximum
dynamic pressure) where the loads are the greatest on the vehicle.

Further use of the jimsphere can be expanded to obtain turbulence data for the space shuttle
launches. The atmospheric data obtained during the shuttle launches by the rawinsonde provide the
necessary meteorological data to compute aerodynamic parameters to identify turbulence. The
aerodynamic parameters calculated from the measurements indicate the presence of turbulence or
conditions ripe for turbulence were the Reynolds number, drag coefficient, turbulent stresses, total
energy, stability parameter, vertical gradient of kinetic energy. Richardson number, and the turbu-

“lence probability index. However, even though the indicators may be showing the presence of
turbulence, an in situ sensor, or pilot experiencing turbulence while the balloon is in the air, would
eliminate the uncertainty that the atmosphere is actually turbulent.

Il. DYNAMICS OF TURBULENCE—SPACE SHUTTLE

One meteorological feature used in describing the dynamics of turbulence is to delineate
between turbulence and no turbulence which is the vertical gradient of kinetic energy as reported
by Ehernberger {2]. The value of this gradient has been derived as the product of wind speed and
vertical wind shear measurements obtained directly from jimsphere data. This parameter has been
- analyzed during the six space shuttle flights where the vertical gradient of kinetic energy was
computed

KE = V(dVIdH) . h



The kinetic energy gradient plots which illustrate very good results between turbulence (7)
and no turbulence (NT) during shuttle launches are given in appendix A, figures 1g(T), 2g(7T),
3g(NT), 4g(T), 5g(NT), and 6g(NT).

The dynamics and time scales of regions of active turbulence are fairly complicated. It is
generally conceded that the turbulence is initiated by Kelvin-Helmholtz instability when the
Richardson number decreases to a value near 0.25. Several physical processes can cause this
decrease. Nonturbulent portions of the atmosphere are subjected to fluctuations in shear and/or
potential temperature gradient caused by gravity wave disturbances. These fluctuations may cause
turbulence. Synoptic and mesoscale dynamical processes also cause evolutions in the shear and
lapse rates which can cause turbulence.

Once a layer of thickness, Z, becomes turbulent, it is of interest to ponder the temporal dur-
ation of the turbulent event. If the turbulence is caused by a gravity wave fluctuation, then Fairall
et al. [3] indicates that the event will last not more than a fraction of an inertial period (say, a few
hours). If the breakdown is due to synoptic processes, then in principle the turbulence can endure
as long as the Richardson number can maintain the instability against turbulent mixing.

From the rawinsonde data obtained from the meteorological section, Cape Canaveral Air
Force Station, Florida, which consists of winds, temperature, and pressure as a function of altitude
and the winds from the jimsphere, the Richardson number, a stability criteria for determining the
presence or absence of atmospheric turbulence, was computed and is given by the following

relationship:
2
R =& [T V.
T [62 +r]/[62], 2)

where g is the acceleration of gravity 97/0Z is the vertical temperature gradient, I' is the dry
adiabatic lapse rate, 9.8 C/km, and

v ’ — |9% 2+ Vy 2
oZ 9z oz

is the square of the vertical shear of the horizontal winds.

The Richardson number plots for the six space shuttle launches, figures 1h(T), 2h(7),
3h(NT), 4h(T), Sh(NT), and 6h(NT), are given in appendix A. Since instabilities of turbulence
increase when the Richardson number decreases to a value near 0.25, the Richardson number was
inverted for clarity, indicating turbulence with the larger numbers.

2.1 Tropopause

The tropopause is an ideal boundary for the generation of large-scale turbulence due to the
change with elevation from an adiabatic lapse rate to one of nearly constant temperature as reported
by Otten and Rose [4].
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Tropopause height is defined as the altitude where the inflection point occurs in the ambient
temperature when plotted as a function of mean sea level. The dramatic increase of the atmospheric
structure constant of temperature is a behavior to assess in turbulence.

An idealized tropopause is envisioned that is an annular region concentric to the Earth’s
surface. In reality, the tropopause is convoluted by synoptic meteorology and varies in altitude due
to changes in season and latitude.

The principle for clear air turbulence (CAT) is that CAT is found statistically more often
within inversion layers and at the tropopause. The term “inversion layer” refers to a layer within
which temperature, centigrade or Kelvin, increases with an increasing altitude.

Appendix A, figures le(T), 2e(T), 3e(NT), 4e(T), 5¢(NT), and 6e(NT), gives the wind
speed, wind direction, and temperature plots. Note the atmospheric inversion layer at the tropo-
pause, figures le, 2e, and 4e.

2.2 Stratosphere

In his laboratory studies, Murtele [5] used the best data to show the situation of the
famous United Airlines episode which occurred in the stratosphere over Hannibal in 1981 where
there was quite a bit of damage and injury inside the plane. The author concluded that the only
thing necessary for a highly reflective and potentially turbulent situation is a reasonably deep layer
of decreasing wind speed. (By decreasing, the author means it is lower at higher levels than at
lower levels.) This is fairly characteristic of the stratosphere. So it suggests that the structure of the
lowest stratosphere is often extremely important as far as clear-air turbulence is concerned. In his
studies, flow that reversed itself from between 25 and 30 m/s to —25 m/s should show violent
vertical updrafts, and a very turbulent region would result. This is very similar to jimsphere data
where the rise rate of the balloon would increase from 5 m/s to 8 or 9 m/s, indicating a turbulent
region.

Turbulence is a state of flow “in which the instantaneous velocities exhibit irregular and
apparently random fluctuations so that in practice only statistical properties can be recognized and
subjected to analysis. These fluctuations often constitute major deformations of the flow, and are
capable of transporting momentum energy and suspended matter at rates far in excess of the rate of
transport by the molecular processes of diffusion and conduction in nonturbulent or laminar flow,”
Huschke [6].

The wind variation depends on the sensitivity of instrumentation, time of measurement, and
averaging. All of these factors affect the wind shear. Factors affecting the vertical motion of a
zero-pressure polyethylene, free balloon were explored by Dwyer [7]. Because the balloon has no
single characteristic length, a third dimensionless variable, fractional volume is needed. Its incon-
sistent shape and shape deformation further complicate the computation of Reynolds number, drag
coefficient, and Froude number. The jimsphere, however, is a constant 2-m diameter balloon, as
indicated by Scoggins [8].



The basis of the proposed numerical forecasting of buffeting and the resulting turbulence of
aircraft is observed under those conditions where the vertical gradient of air temperature, wind
direction, and speed exceed the critical values. The details of forecasting are reported by Pereve-
dentsev [9]. The following values were established as the critical values of vertical gradients for air
temperature (7 °C per km of altitude), for wind velocity (10 m/s per km of altitude), and for wind
direction (15° per km of altitude). The buffeting of airplanes is indicated in the layer in which one
of the listed vertical gradients is higher than critical. At those altitudes where two conditions for
increased turbulence are satisfied simultaneously, the greatest probability and intensity of buffeting
are expected.

lil. DISCUSSION—FPS-16 RADAR/JIMSPHERE BALLOON SYSTEM

Vertical wind motions in the atmosphere are very easily detected by the FPS-16 radar/
jimsphere system, as described by Endlich et al. [10], Fichd et al. [11], DeMandel and Krivo [12],
Kaufman and Susko [13], Johnson and Vaughan [14], and Hill [15]. By means of low-pass filter-
ing, high-frequency noise introduced by the FPS-16 radar is eliminated from the vertical rise rate
jimsphere data. The remaining perturbations may be representative of the induced vertical motions.
Normally, the jimsphere rises about 5 m/s from sea level to 16 km as described by Scoggins [16],
MacCready and Jex [17], Vaughan [18], Susko and Kaufman [19], Johnson and Vaughan [14], and
Hill [15]. MacCready and Jex [17] stated that the value of the drag coefficient is of primary
importance in computing the response of a jimsphere or any other balloon to a change in wind
speed. This was confirmed by Scoggins [8] in his article “*Aerodynamics of Spherical Balloon
Wind Sensor.” Kaufman and Susko [13] indicated that the drag coefficient is small at supercritical
Reynolds number (Re) where the turbulent wake is small, but increases sharply in the transition
region. The C, is higher in subcritical Re where the wake is larger and the flow is laminar.

Jimsphere vertical rise rate data have been observed to vary from 2 to 10 m/s. Figure 1
illustrates some Cp, versus Re values calculated for various vertical rise rates from the U.S.
Standard Atmosphere (1962) temperature profile data. Figure 2 shows the following jimsphere ver-
tical rise rate data: profile A was observed from the jimsphere, released at 1525Z, March 4, 1969,
at Wallops Island, and profile B was observed from the jimsphere released at 1933Z, March 5.
1969, also at Wallops Island. Profile A shows a typical 5-m/s rise rate from 10 to 12 km layer:
whereas, profile B shows the rise rate to be about 7 m/s. The corresponding Cpp versus Re values
from profiles A and B are plotted in figure I, where the lower Cp at higher Re suggests a smaller
turbulent wake downstream from the jimsphere. This in turn suggests a layer of significant turbu-
lence compared to turbulence of the adjacent air layers. Figure 3 shows the scalar wind-speed
profiles A and B. Notice the jet stream wind speed of approximately 100 m/s between 10 and 12
km of profile B which relates to the resultant variation (turbulence) in the Cp, versus Re values in
figure 1.

Appendix A gives the jimsphere rise rate versus altitude, figures la(7), 2a(T), 3a(NT),
4a(T), 5a(NT), and 6a(NT); and the Re and Cp versus altitude, figures 1c(T), 2¢(T), 3c(NT), 4c(T),
5¢(NT), and 6¢(NT), for the six space shuttle launches.
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3.1 Jimsphere Balloon Data Assessment

Data from the jimsphere balloon are calculated every 30 m and averaged over a scale length
of 150 m in altitude. The length scale was made at 150-m intervals because the discernible
wavelengths of the jimsphere are on the order of 100 to 150 m, as noted by Endlich et al. [10],
Susko [20], and Smith [21].

Measurements of the meteorological parameters were made by the jimsphere and rawin-
sonde. Aerodynamic parameters calculated from the measurements to identify turbulence were the
Reynolds number, drag coefficient, turbulent stresses, total energy, stability parameter. kinetic
energy, Richardson number, and the turbulence probability index. These measurements were
computed from 16 jimsphere balloon releases obtained during space shuttle launched at KSC. For
simplicity and clarity, six of the launches illustrating examples of no turbulence and turbulence in
the atmosphere are presented in this report.

3.1.1 Reynolds Number and Drag Coefficient

The Reynolds number is a nondimensional ratio of the inertial force to the viscous force in
fluid motion -



Rer= LU 3)

where L is a characteristic length, U is a characteristic velocity, and -y is the kinematic viscosity.
The Reynolds number (Re) is an index of performance, and in the theory of hydrodynamic
stability, it is the origin of turbulence. Assuming an incompressible adiabatic, steady flow of a
homogeneous fluid, then the only force is the impact or inertial force to the viscous force.

In the calculation of the aerodynamic parameters in this paper, L (the characteristic length)
is 2 m, the diameter of the jimsphere balloon and U (the characteristic velocity) is the rise rate of
the jimsphere balloon.

Appendix A, figures 1b,c(T); 2b,c(T); 3b,c(NT); 4b,c(T); Sb,c(NT); and 6b,c(NT) gives the
plots of Re versus Cp, and Re versus altitude, illustrating the behavior of the jimsphere in the
atmosphere.

The drag coefficient (Cp) is a dimensionless ratio of (a) the component of a force parallel to
the direction of flow (drag) excited on a body by a fluid in the kinetic energy of the fluid by a
characteristic surface area of the body. In symbols, the drag coefficient Cj, is as follows:

Cp = —18 (@)
172 pV-s

where Fy is the force of resistance (buoyant force), p is fluid density, V is the wind speed, and s
is the surface area of the jimsphere balloon. Additional details are reported in reference 22.

Appendix A, figures 1b,c(T); 2b,c(T); 3b,c(NT); 4b,c(T); 5b,c(NT); and 6b,c(NT), illustrates
the behavior of Cp with altitude for the jimsphere balloon.

3.1.2 Turbulent Stresses
The turbulent stresses are the representation of the transfer of momentum due to turbulent
fluctuations. The turbulent stress is given by the equation;
U2 = Vw2 +vw'? (5)
which is the square root of the time average (the bar indicates a time average) of the square of the
eddy velocities of ¥’ and w’ and v’ and w'.

Appendix A, figures 1f(T), 2f(T), 3f(NT), 4f(T), Sf(NT), and 6f(T), illustrates the behavior
of the turbulent stresses versus altitude during the six space shuttle launches.



3.1.3 Total Energy

The total energy (e) obtained by the jimsphere balloon wind measurement was calculated
from the equation

e == (V3 +w'Y . (6)

1

2
The total energy is the time average of the square of the eddy velocities of «’, v', and w’

T J

In m*/s*.

Appendix A, figures 1f(T), 2f(T), 3f(NT), 4f(T), 5f(NT), and 6f(NT), illustrates the
fluctuations of e with altitude for the six space shuttle launches.

3.1.4 Stability Parameter

The stability parameter (§), obtained from the jimsphere balloon wind measurements and the
temperature from the radiosonde, was calculated from the equation § = X/L where

T3
L = — T U- ’ 7)
kg w'T'

T is the temperature in degrees K, U is the stress from equation (5). k is Von Karman'’s constant,
w' is the vertical velocity perturbation, g is the acceleration of gravity, and X is the scale height as

reported in reference 23.

Appendix A, figures 1f(T), 2f(T), 3f(NT), 4f(T), Sf(NT), and 6f(NT), illustrates the stability
parameter versus altitude for the six space shuttle launches.

3.1.5 Turbulence Probability Index

Turbulence probability index (7;) was reported by Endlich [10], and further defined in refer-
ence 24 where T, = A B.

Factor A, which is the wind directional shear, is given by the equation

A = S|Aa/Ad] ®)

where S is wind speed and Aa is the change in wind direction over the scale length of Az.



The second factor B is equal to the change in temperature lapse rate. The equation is

B = [(g/D|A*TIAZ|]'? 9

where g is the acceleration of gravity and AT is the second difference operator of the temperature
T. The two factors are multiplied together, resulting in 7, = AB.

Appendix A, figures 1d(7), 2d(T), 3d(NT), 4d(T), 5d(NT), and 6d(NT), illustrates T, versus
altitude for the six space shuttle launches for turbulence and no turbulence.

IV. SUMMARY

This research has demonstrated that the results of measurements of winds aloft from the
FPS-16 radar/jimsphere balloon system can indeed indicate the presence or conditions ripe for
turbulence in the troposphere and lower stratosphere (0 to 16 km). It has been shown with wind
measurement data obtained during six space shuttle launches by the jimsphere balloon, in conjunc-
tion with the rawinsonde which provides temperature and pressure data as a function of altitude
that the aerodynamic parameters calculated can indicate the presence of turbulence. There is no
magic fool-proof criteria in atmospheric turbulence probability of occurrence. However, the occur-
rence of turbulence at the tropopause is identified by the enhanced temperature lapse rates and
enhanced inversion rates, strong vector wind shears, and large changes in wind direction. When
any two of the above conditions occur simultaneously, a significant probability of turbulence can
occur as shown in this report. However, even though the indicators may be showing the presence
of turbulence, an in situ sensor or pilot experiencing turbulence while the balloon is in the air
would eliminate the uncertainty that the atmosphere is actually turbulent.






APPENDIX A
Figures 1 through 6 (where figures 1. 2. and 4 illustrate turbulence (7). and figures 3. 5.
and 6 show essentially no turbulence (NT)).
a. Balloon rise rate versus altitude.
b. Reynolds number.versus drag coefficient.
c. Reynolds number and drag coefficient versus altitude.
d. Turbulence probability indicator versus altitude.
e. Wind speed, wind direction, and temperature versus altitude.

f. Total energy, stress, stability parameter versus altitude.

0q

Kinetic energy versus altitude.

h. Richardson number versus altitude.
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Figure la. Rise rate of FPS-16 radar/jimsphere balloon ascent obtained
during STS-11 launch, February 3, 1984 (1300Z) at KSC, Florida.
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Figure 1b. Cp versus Re parameter obtained from FPS-16 radar/jimsphere balloon ascent during
STS-11 launch, February 3, 1984 (1300Z) at KSC, Florida.
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Figure lc. Cp and Re altitude plots obtained from FPS-16 radar/jimsphere balloon ascent during
STS-11 launch, February 3, 1984 (1300Z) at KSC, Florida.
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Figure 1d. Turbulence probability indicator obtained during STS-11 launch, February 3, 1984
(1300Z) at KSC, Florida.
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Figure le.. Wind speed, wind direction, and temperature versus altitude plots measured during
STS-11 launch, February 3, 1984 (1300Z) at KSC, Florida.
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Figure 2a. Rise rate of FPS-16 radar/jimsphere balloon ascent obtained during STS-13 launch,
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Figure 2b. Cp versus Re parameter obtained from FPS-16 radar/jimsphere balloon ascent during
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Figure 3a. Rise rate of FPS-16 radar/jimsphere balloon ascent obtained during STS-41D launch,
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Figure 3h. Richardson number versus altitude parameter for STS-41D launch, August 30, 1984
(12427) at KSC, Florida.
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Figure 4a. Rise rate of FPS-16 radar/jimsphere balloon ascent obtained during STS-51D launch,
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Figure 4d. Turbulence probability indicator obtained during STS-51D launch, April 12, 1985
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Figure 4e. Wind speed, wind direction, and temperature versus altitude plots measured during
STS-51D launch, April 12, 1985 (1359Z) at KSC, Florida.
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April 12, 1985 (1359Z) at KSC, Florida.

41



Altitude (Meters) x 10°

17.5 —

15.0 —

12.5 —

o
o
|

7.5

5.0 —

2.5

0.0
-200.0

|
-150.0

I
-100.0

-50.0 0.0 50.0
Kinetic Energy m/s?

I
100.0

T
150.0

]
200.0

Figure 4g. Kinetic energy versus altitude parameters for STS-51D launch, April 12, 1985 (1359Z)
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Figure 4h Richardson number versus altitude parameters for STS-51D launch, April 12, 1985
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Figure 5a. Rise rate of FPS-16 radar/jimsphere balloon ascent obtained during STS-51G launch,

June 17, 1985 (1133Z) at KSC, Florida.
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Figure 5d. Turbulence probability indicator obtained during STS-51G launch, June 17, 1985
(1133Z) at KSC, Florida.
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Figure 6a. Rise rate of FPS-16 radar/jimsphere balloon ascent obtained during STS-51F launch,

July 29, 1985 (2100Z) at KSC, Florida.
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Figure 6d. Turbulence probability indicator obtained during STS-51F launch, July 29, 1985
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Figure 6e. Wind speed, wind direction, and temperature versus altitude plots measured during
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STS-51F launch, July 29, 1985 (2100Z) at KSC, Florida.
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Figure 6f. Total energy, stress, and stability versus altitude parameters for STS-51F launch,
July 29, 1985 (2100Z) at KSC, Florida.
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Figure 6g. Kinetic energy versus altitude parameter for STS-51F launch, July 29, 1985 (2100Z) at
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